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ABSTRACT 

The low redshift Universe {z < 0.5) is not a dull place. Processes leading to the suppression of 
star formation and morphological transformation are prevalent: this is particularly evident in the 
dramatic upturn in the fraction of SO-type galaxies in clusters. However, until now, the process and 
environment of formation has remained unidentified. We present a morphological analysis of galaxies 
in the optically-selected (spectroscopic friends-of-friends) group and field environments at z ~ 0.4. 
Groups contain a much higher fraction of SOs at fixed luminosity than the lower density field, with 
>99.999% confidence. Indeed the SO fraction in groups is at least as high as in z ~ 0.4 clusters and 
X-ray selected groups, which have more luminous Intra Group Medium (IGM). An excess of SOs at 
>0.3h75^Mpc from the group centre with respect to the inner regions, existing with 97% confidence 
at fixed luminosity, tells us that formation is not restricted to, and possibly even avoids, the group 
cores. Interactions with a bright X-ray emitting IGM cannot be important for the formation of the 
majority of SOs in the Universe. In contrast to SOs, the fraction of elliptical galaxies in groups at fixed 
luminosity is similar to the field, whilst the brightest ellipticals are strongly enhanced towards the 
group centres (>99.999% confidence within 0.3hf5^Mpc). Interestingly, whilst spirals are altogether 
less common in groups than in the field, there is also an excess of faint, Sc+ type spirals within 
0.3hf5^Mpc of the group centres (99.953% confidence). We conclude that the group and sub-group 
environments must be dominant for the formation of SO galaxies, and that minor mergers, galaxy 
harassment and tidal interactions are the most likely responsible mechanisms. This has implications 
not only for the inferred pre-processing of cluster galaxies, but also for the global morphological and 
star formation budget of galaxies: as hierarchical clustering progresses, more galaxies will be subject 
to these transformations as they enter the group environment. 

Subject headings: galaxies: evolution - galaxies: clusters: general - galaxies: statistics - galaxies: high 
redshift - galaxies: elliptical and lenticular, cD - galaxies: spiral 



1. INTRODUCTION 

Morphologically early type galaxies (ellipticals and 
SOs) inhabit dense regions of the Universe such as rich 
clusters, whilst late type spirals are more common in 
the field. This result dates back to the early days of 
extragalactic astronomy (e.g. lAbellll965l : rOemlerlll974l : 
[Bahcall 1977) and is still of central importance to our 
understanding of how galaxies evolve in relation to the 
large scale structure in which they live. The composition 
of the galaxy pop ulation in cluste rs also depends upon 
redshift: Butcher & Oemler (1984) first showed that the 
fraction of blue (implying star forming) galaxies in clus- 
ters increases with redshift to z ~ 0.5, indicating an 
evolving population even in thes e most e x treme envi- 
ronments. Morphologically, Dress ier et al.l (|l997l . D97) 
show that, for bright galaxies at least, the increasing 
fraction of early- type galaxies since z ~ 0.5 corresponds 
mainly to lenticular SO galaxies, with a roughly constant 
elliptical frac t ion. This conclusion was strengthened by 
iFasano et al.l (|2000l . FOO) adding clusters from their own 
data and from the sample of Couc h et al.l (|1998l . C98) to 
those of D97. They show that the cluster SO to ellip- 
tical ratio is, on average, a factor ~ 5 higher at z ~ 
than at z ~ 0.5. At higher redshift, there is no evi- 



dence for any fu rther evolution of t he SO fraction in clus- 
ters to z ^ 1 JSmith et all l2005l : iPostman etld] l2005l : 
'Desai et al. 2007). Individual clusters at z > 0.2 exhibit 
a large scatter in their morphological composition, cor- 
relating with level of substructure and concentration, es- 
pecially of elliptical galaxies, in these clusters (D97,F00). 
Indeed, ac counting for the p ossible bias of the c lassifier, 
Andreon et al. (1997) and Fabricant et al. (2000) discuss 
individual clusters at intermediate redshift with SO to el- 
liptical ratios consistent with those at z ~ 0. 

It is natural to relate the cluster to cluster scatter 
in galaxy properties and dependence on substructure 
at intermediate redshift to the formation history of the 
cluster, which can be quite different within the ACDM 
paradigm of bottom-up structure growth. The presence 
of strong relations at z ~ between morphological com- 
position and cluster-centri c radius ( Melnick fc SargentI 
1977), and local density (!Dresslerl [19801 . D80) implv 



that by that time the galaxy population has reacted 
to its environment over the Hubble time in a pre- 
dictable fashion. The morphology-density relation of 
D80 ext ends to low concentratio n clusters and to galaxy 
groups (^Postman fc Ge llerlll984l ). and so the integrated 
evolutionary history seems to be predictable even on 
these scales. Nonetheless, differences from the av- 
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erage morphology-density relation are still evident at 
z ^ 0: Relatively massive, evolved X-ray bright groups 
have a lower spi ral fraction than do clusters at similar 
physical density (|Helsdon fc Ponman| [2QQ3). whilst com- 
pact groups have higher spiral fractions (Ma m^ll986l : 
[Hickson et al. 19 88) at high projected density. 

To explain the evolution of morphology-density rela- 
tions and the fraction of SO galaxies, it is necessary 
to invoke morphology-changing processes which react 
to the local environment, and can be active on group 
scales. In fact, if SO formation takes place in groups 
and/or even lower density environments, then this can 
have a profound effect on the overall galaxy population, 
since > 50% of all galaxies are in groups by z ~ 
(|Eke et al.ll2004l ). This kind of pre-processing can also 
drive the evolution of the cluster population. For ex- 
ample the evolving fraction of SOs in clusters might 
result from the evolving population of newly accreted 
galaxies from infalling groups and the field. Similar 
ideas have been invoked to explain the evolving depen- 
dence of t he fraction of s t ar fo r ming galaxies on clus- 
ter mass (|Ellingson et all l200ll : iPoggianti et all l2006h 
and the spectrophotometric properti es of SO and ^^pas- 
sive spiral" populations in clusters (|Moran et al.l [2QQ7I . 
although note that the emission line threshold used to 
define "passive spirals" is no t enough to ensure a com- 
plete lack of star formation (|Wilman et al.|[2QQ8l )). At 
intermediate redshift the members of optically selected 
groups (Wilman et al., 2005a) and even m ore massive 
X-ray selected groups (Jeltema e t al.l |2007l JOT) vary 
strongly on a group to group basis, from elliptical/passive 
galaxy dominated to spiral / star forming galaxy dom- 
inated. This does not appear to be as well correlated 
with vel ocity dispersion or local density as in low redshift 
group s jPostman & Gelleiilllll; IZabludoff MulchaevI 
119981 : Hoggianti et al. 200g). Therefore it is likely that 
this is a critical regime and epoch, in which important 
evolutionary processes have been felt by galaxies in some 
but not all groups, as a function of their environmental 
history. 

We have compiled a sample of 0.3 < z < 0.55 groups, 
selected in redshift space from the CN0C2 (Canadian 
Network for Observa tional Cosmology) redshift survey 
(|Carlberg et al.ll200ll . Wilman et al., 2005a). Our multi- 
wavelength dataset includes deep, high resolution Hubble 
Space Telescope (HST) Advanced Camera for Surveys 
(ACS) observations of these groups, for which galaxies 
have been morphologically classified. With this dataset 
it is possible to address directly the importance of SO 
formation in galaxy groups at intermediate redshift, and 
assess their importance in driving the evolving fraction 
of SOs in clusters via pre-processing. This complements 
iMcGee et al. (2008) in which the bu lge-disk decompo- 
sition software GIM2D. (|Simard et al.H 2002) was applied 
to our sample, allowing separate investigations of bulge 
and disk components and their dependence on the group 
environment. Data and sample selection are presented 
in Section [21 including a discussion of the morphologi- 
cal classification process. Section 13.11 presents the mor- 
phological composition of group and field samples as a 
function of luminosity, and differences with environment 
are assessed for statistical significance at fixed luminos- 
ity. Segregation within groups is then investigated in 
Section 13. 2[ by looking for trends of composition with 



distance from the centre of groups. The morphological 
composition of our group and field samples are put into 
context in Section[4]by comparing with that seen in other 
cluster and group samples as a function of redshift. This 
leads to the conclusion, summarized in Section O that SO 
formation preferentially occurs in the group environment. 
Physical processes which might be relevant, and conse- 
quences of this result are outlined in Sections [4] and [H 

Throughout this paper a ACDM cosmology with = 
0.3, Qa = 0.7 and Hq = 75/^75 kms~^ Mpc~^ is assumed. 
Note that in Section [4] the use of data from the litera- 
ture enforces the consideration of different cosmological 
parameters, which is discussed in detail. 

2. DATA 
2.1. CN0C2 Survey and Groups 

Our sample is based upon the CN0C2 (Canadian Net- 
work for Observational Cosmology) redshift survey which 
is magnitude limited down to Rc (Vega) ^ 23.2 in pho- 
tometry and totals ~1.5n° within four separate patches 
on the sky. Spectroscopic redshifts, mainly in the range 
0.1< z <0.55 exist for a larg e and unbiased sample of 
Rc < 21.5 galaxies (|Yee et al.i r2000). 

Galaxy groups have been identified by applying a 
friends of friends algorithm to detect significant overden- 
sities in redshift space, with parameters t uned to pick 
up virialized systems ( Carlberg et al.ll200lf ): In practice 
this means that group selection is tuned such that at 
least three galaxies with CN0C2 redshifts are clustered 
tightly enough that they appear at least 200 times over- 
dense with respect to the critical density. Whilst incom- 
pleteness in the CN0C2 survey leads to incompleteness 
in the group sample (see ICarlberg et al.l l200ll for de- 
tails), the selection is unbiased and well suited to study 
the infiuence of the group environment on galaxy evolu- 
tion. 

2.2. The ACSR22 Sample 

Supplementary spectroscopy was collected for twenty 
CN0C2 groups at 0.3< z <0.55 using the LDSS-2 multi- 
object spectrograph on the Magellan 6.5m telescope to 
reach an unbiased limit of Rc = 22 for spectroscopy 
and improving the completeness for these systems within 
180'' (Wilman et al., 2005a). We cah this the R22 sam- 
ple. Six serendipitous z > 0.3 CN0C2 groups in these 
fields brings the number of R22 groups to 26. Deep 
(4 X 510 s= 2040 s) targetted observations of these same 
20(-h6) groups with HST-ACS (Hubble Space Telescope 
- Advanced Camera for Surveys)^ with the F775W filter 
(close to R-band) provide the resolving power and depth 
to classify morphologies well below the magnitude limit 
of our spectro scopy. This data is p rocessed using the 
ACS pipeline (|Pavlovskv et al.ll2004[ ). producing a fully 
astrometrically calibrated and undistorted image from 
the highly distorted ACS focal surface. Other basic cal- 
ibration procedures which have been applied automati- 
cally before we retrieved the data include bias and dark 
subtraction and fiat fielding. To create a suitable final 
image with cosmic rays and hot pixels removed we reap- 
ply the Multidrizzle task in pyraf which recombines the 
dithered images into an undistorted and well-sampled 

^ program 9895 
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median image in WCS coordinates. The final images 
look clean and galaxies can be easily identified below 
the CN0C2 photometric catalogue magnitude limit of 
Rc - 23.2. 

Group membership was redefined by Wilman et al., 
2005a to trace galactic properties further from the group 
centre. ^ Close examination of the R22 groups reveals 
significant substructure in many cases. This implies an 
important role for recent accretion onto groups from the 
surrounding filamentary structure, although group cores 
may be virialized in most cases. Substructure and low 
number statistics also influence our computed velocity 
dispersions, which may be overestimated when compared 
to the stacked weak lensing especially in more 

massive groups (|Balogh et al.l l2007l. The ACS field of 
view is 202'' x 202'', corresponding to an angular dis- 
tance of l.Sh^^Mpc at z = 0.55 and 0.9h^^Mpc at 
z = 0.3. Centred on a targetted group, this means 
full coverage with ACS to O.blh^^Mpc at z = 0.4, or 
the virial radius of a relatively massive ~ 550 km s~^ 
group at this redshift. Taking into account the uncer- 
tainty on velocity dispersion, and the un-virialized state 
of many groups, we prefer to keep everything within 
the R22 sample and with ACS coverage (the ACSR22 
sample), rather than applying any additional radial cut. 
The resultant sample of morphologically classified group 
galaxies is inevitably biased towards members of smaller, 
more compact groups, sampling only the cores of more 
massive or loose groups. Therefore the sample will suf- 
fer little contamination from galaxies unbound to the 
group (which, if they are assigned to groups at all, will 
tend towards large group-centric radii), whilst the influ- 
ence of group-centric radius on morphological composi- 
tion will be investigated in Section 13. 2[ Bias resulting 
from the small variation of radial limits with redshift 
within the sample is unimportant, as evolutionary trends 
at 0.3 < z < 0.55 are not investigated in this paper. The 
ACSR22 sample numbers 179 morphologically classified 
group galaxies and 111 field galaxies. Field galaxies are 
defined to be those galaxies not assigned to any CN0C2 
group, although some of these may b e con tained within 
undetected groups. See lMcGee et al.l (|2008) for a discus- 
sion of this topic. 

Deeper CFHT MegaCAM (griz) and CFH12K (BVRI) 
images are available for most of the CN0C2 area, provid- 
ing more reliable photometry for many galaxies (Balogh 
et al, in prep). To compute total rest-frame r-band AB 
luminosities for the ACSR22 sample, we use the follow- 
ing procedure. We take the vauto AB magnitudes from 
the MegaCAM r-band imaging where available. Where 
this is not available, but CFH12k imaging exists, we cor- 
rect the CFH12k R-band AB magnitude to the Mega- 
CAM magnitude system using: vauto (MegaCAM) = 
Rauto (12k) -0.07 + 0.260990 x (I/3 - R^) (12k) where 
the (V3 - ^3) (12k) CFH12K colour is computed us- 
ing 3" apertures on imaging convolved to a 1" PSF. K- 
corrections to rest-fran ie r-band (rn) are p erformed us- 
ing the kcorrect code of lBlanton fc RoweisI (^2007) . as de- 
scribed by Balogh et al, in prep. Out of 290 galaxies in 

^ Group membership requires A{z) < 2x the velocity dispersion, 
and projected distance from the group centre within a hmit set such 
that the aspect ratio of the group in redshift space, b is set to 5 
(equation 3 of Wilman et al., 2005a). 



the ACSR22 sample, 49 have no MegaCAM or CFH12K 
imaging, and so we are forced to rely on the o riginal 
CN0C2 photometry described bv lYee et all (|2000[ ). Con- 
version to Mrg (AB) is possible by applying a constant 
offset of -O.llmag to the rest-frame Rc (Vega) luminosi- 
ties derived using the kcorrect software, and the CN0C2 
UBVRcIc photometry. For the purposes of this paper 
we do not need to worry about the residual scatter of 
~ O.lSmag. V-band luminosities (on the CFH12K sys- 
tem) are computed in a similar fashion. Total magni- 
tudes are estimated using Vauto = Rauto — (V3 — R3). 
For galaxies with MegaCAM only photometry, we use: 
Vs (12k) = G3 (MegaCAM) +.12 x (G3 (MegaCAM) 
-Rs (MegaCAM) )^-.67x{G3 (MegaCAM) -R3 (Mega- 
CAM) ) +.12, with 0.035mag scatter. The V-band lu- 
minosity for galaxies with CN0C2 photometry only is 
simply Mv (12k) = My (CN0C2) -0.02, with O.llmag 
scatter (good enough for our purposes). 

Weights for the R22 sample have been derived by 
Wilman et al., 2005a to correct for spectroscopic in- 
completeness. We slightly modify these by removing 
the radial weighting for LDSS-2 galaxies, recomputing 
the spectroscopic selection weight purely as a function 
of CN0C2 Rc band magnitude. Note that the results 
presented in this paper are not strongly dependent upon 
whether or not these or any weights are applied. 

2.3. Morphological Classifications 

The ACS observations reach similar d epth to the 
WFPC2 observations of MORPHS clusters. ISmail et all 
(|l997l ) determine that visual classification of z ~ 0.5 
MORPHS galaxies is possible down to a limiting mag- 
nitude of R702 < 23.5 which corresponds to Rc < 23.9. 
With the spectroscopic limit of Rc = 22.0, the ACS 
depth is easily sufficient to achieve robust classification 
of ah ACSR22 galaxies. 

All galaxies in the ACSR22 sample have been visually 
classified by two of the authors (Augustus Oemler 
Jr, AO and John Mulchaey, JM), independently from 
each other. Galaxies are visually classified onto the 
Revised Hubble Scheme in a near ide ntical fashio n to th e 
MORPHS sample as described by ISmail et all (|l997f ). 
Comparable classification to the MORPHS sample 
can be assumed, since AO was one of the MORPHS 
classifiers. To briefly describe the classification process: 
each galaxy is displayed as a postage stamp-sized image 
at 2 scalable stretch levels using a purpose-written iraf 
tool. This allows faint features at the galaxy outskirts 
to be identified as well as bright central features. Most 
classificati qns should be ro bust to within ~ 1 Hubble 
Type as in ISmail etld] (|1997 ) . Galaxies are classified in 
a random order so that the classifier has no prior knowl- 
edge of group membership. Therefore the comparison 
between group and field samples is not biased by any 
prior knowledge of environment by the classifier. 

The most difficult classification decisions are: 

• E vs SO, for anything other than edge on ob- 
jects: This relies on seeing a break in the surface 
brightness gradient (for SOs) and requires a careful 
look through the entire range of stretches of the 
image. There is a hard outer edge to the bulges 
of SOs which does not move much as the stretch is 
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changed. 

• SO vs Sa: The exact dividing hne between these 
types is difficult, and depends on seeing surface 
brightness irregularities in the disk. 

To deal with these cases, the classes E/SO, SO/E and 
so/a were used, where the order reflects the preferred 
class. Spiral galaxies were classified in half-class incre- 
ments, and clearly barred galaxies were classified as such. 
Many galaxy types are qualified with pec to indicate pe- 
culiar features in a galaxy which otherwise fits nicely 
onto the Revised Hubble Scheme. Other than the usual 
E, SO, spiral and irregular types, other types used were M 
(merger), X (compact) and ? (galaxies not well described 
by the Revised Hubble Scheme). 

Classifications by the two classifiers are highly consis- 
tent. Out of 310 classified galaxies in total, 222 are iden- 
tical, and of the remaining 88, 69 differ by 0.5 in Hubble 
type, 17 differ by 1 and just 2 by 1.5. The 'final' clas- 
sification is selected by taking the average hubble type, 
rounding to the nearest full type where there is 0.5 or 1.5 
difference. In only 2 cases does one classifier select 'Sa' 
and the other SO/a: on these occasions the Sa classifica- 
tion is selected. There is also a single case of E/SO and 
SO classifications: here the SO classification is preferred. 
Final classifications for a r andom selection of galaxies 
are illustrated in Figure [All of Appendix [Al It should be 
noted that th ese classificatio ns differ slightly from those 
presented bv IWilman et al] (^008), in which classifica- 
tions from a single author (AO) were used. 

We group galaxies into six broader categories of mor- 
phology. This avoids over sampling the Hubble sequence, 
and limits the effects of scatter between Hubble types. 
The broader categories are: E (E, E/SO), SO (SO/E, SO, 
SO, so/a, SBO/a), early- type spiral, eSp (Sa-Sbc, in- 
cluding barred spirals), late- type spiral, ISp (Sc-Sm, 
including barred spirals), irregular, Irr (Irr, ?) and 
merger, M (M or X). However in most of our analysis 
the spirals are grouped together into a single category. 
Peculiar "pec" qualifications are ignored at this stage. 

To understand the nature of galaxies classified as SO, it 
is important to recognize that, other than the existence 
of both bulge and disk components, there is no bulge 
to total ratio requirement for an SO. As understanding 
the environment of SOs is central to our science, it is im- 
portant to understand any classification bias or selection 
effects which might infiuence what is classified or mis- 
classified as an SO (or which should have been classified 
SO, but was not). 

To address this question, the GIM2D bulge/disk de- 
compositions of McGee et al. (2008) provide complimen- 
tary parameteric information about the galaxy mor- 
phologies. Simultaneous fitting of bulge and disk compo- 
nents provides, amongst other things, bulge to total ratio 
(B/T), and disk inclination angles (i). Figure [T] shows 
the distribution of GIM2D derived bulge to disk ratios 
(B/T), and disk inclination for galaxies which are visu- 
ally classified as SOs, and eSps. Although bulge to disk 
luminosity does not factor in the decision to call a galaxy 
SO, it is clear from the top panels that the distribution 
of B/T is peaked to much larger B/T for SOs than for 
early type spiral galaxies. The sin(i) curve (smooth solid 
line in the bottom panels) shows what would be expected 
for a purely random distribution of disk inclination. SO 
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Fig. 1. — Top panels: Solid (dashed) histogram: Distribution 
of GIM2D-derived bulge to total B/T parameter for visually classi- 
fied SO and early- type spiral (eSp) galaxies, weighted (unweighted) 
for spectroscopic incompleteness. Bottom panels: As the top 
panels, but showing the distribution of disk inclination for galaxies 
with both bulge and disk components. The continuous solid line 
is simply sin(inclination) and should be expected for a completely 
random distribution of inclinations. 

galaxies appear to be slightly biased towards large in- 
clination angles, compared to random. This indicates 
that either the automated fitting biases this parameter, 
or that the visual morphological classification is biased 
against finding SO types for low inclination angles. As it 
is difficult to identify disks in ~face-on bulge+disk sys- 
tems with less obvious spiral structure, then it is likely 
that this bias is present in our sample. This might lead 
to an underestimate of the total SO fraction. However 
we note that some galaxies are fit with pure bulge or 
disk components, and in these cases the disk inclination 
angle is not provided (see McGee et al. 2008). This in- 
completeness makes any quantification of the SO fraction 
underestimate impossible. However the estimated frac- 
tion should be consistent with other studies which will 
suffer from the same biases. 

3. RESULTS 

3.1. Composition of Groups 

Figure [2] shows the fraction of elliptical (E), SO and spi- 
ral (eSp+lSp) galaxies in four bins of ro-band luminosity 
(<-22, 1-mag bins down to -20, and a faint bin >-20) 
in both group and field environments. The fraction of 
early- type spirals (eSp) is also indicated (squares). It is 
clearly important to examine these trends not only as a 
function of environment but also as a function of galaxy 
luminosity or mass, since this can be as, if not more 
important to determine a galaxy's properties including 
morphology (e.g. Blanton et al. 2003; Kauffman n et al.l 
[2QQ4l : lTanaka et al.ll2004l : lBaldrv et al.l l2006). Indeed the 
morphological composition of both group and field envi- 
ronments is a strong function of luminosity for our sam- 
ple. Vertical dotted lines indicate luminosity limits at 
z=0.55 (~-21.1) and z=0.3 (~-19.1) given the maximum 
k-correction of a normal galaxy. Fainter than -21.1 lower 
redshift galaxies will stay in the sample whilst higher 
redshift galaxies are too faint. More importantly, red- 
der galaxies will more easily fall out of the sample than 
bluer galaxies at the same redshift. However this will 
apply equally to group and field galaxies, and so, qual- 
itatively, the dependence of morphological composition 
on environment should be robust down to faint lumi- 
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Fig. 2. — The morphological composition of 0.3<z<0.55 CNOC2 group (solid lines and filled points) and field (dashed lines and empty 
points) galaxies as a function of ro-band luminosity. Redder galaxies will more easily fall out of the sample than bluer galaxies at the same 
redshift at luminosities below -21.1 at z=0.55 and -19.1 at z=0.3 (vertical dotted lines). Galaxies are weighted to account for spectroscopic 
incompleteness as a function of Rc-band magnitude. The fraction of early type spirals (eSp, Sa-Sbc) is also indicated (squares and 
dotted/dot-dashed lines). Errors on fractions are computed using the Jackknife method and points are offset in luminosity for clarity. 



nosities. Quantitatively, a higher fraction of red, early 
type objects might be underestimated due to the more 
frequent loss of red galaxies. This will be a small effect, 
working only to reduce the significance of our results, 
and can thus be ignored. In the following analysis a lu- 
minosity limit of Mrg = —19 is applied, excluding only 
the faintest objects. 

Contrasting the group and field compositions, it is sur- 
prising to find no highly significant difference in the frac- 
tion of ellipticals at fixed luminosity. 

Contrarily, the fraction of SOs is clearly a strong func- 
tion of environment. In groups, SOs contribute 40/178 
(weighted fraction 25%) of all classified galaxies com- 
pared to just 10/109 (weighted fraction 8%) in the field. 
A Fisher's exact test gives a probability of 0.0005% 
(0.0038% unweighted) that the group and field samples 
are randomly extracted from the same underlying popu- 
lation. 

Galaxies in groups are also biased towards high lu- 
minosity with respect to field galaxies. This is true in 
our sample (see Wilma n et al., 2005a), and is consistent 
with the l iterature (e.g. Balosh et al. 2001:"Gir ardi et ahl 
120031 : [pTPropris et al. 2003; Blanton et al. 200^. To ex- 
amine the underlying probability distribution more accu- 
rately, taking account of the luminosity bias, we apply a 
Monte Carlo method. This procedure is designed to re- 
move the bias, and test the significance of different mor- 
phological compositions at fixed luminosity. 

Each group galaxy is selected in turn, and one of the 
five field galaxies nearest in luminosity is randomly se- 



lected for a "mock group" sample. 10^ such mock group 
samples are constructed, and in each one the fraction of 
SO type galaxies is computed. In none of 10^ mock groups 
is the SO fraction as high as that in the real group sam- 
ple. This is equivalent to the probability that the group 
and field subsamples are taken from the same underly- 
ing sample, and corresponds to a significant excess of 
SOs in groups at a confidence level of >99.999% (>4.25cr 
for a one-tailed gaussian distribution, corresponding to 
the statistical resolution of the resampling process). As 
the group and field samples are roughly equivalent (and 
relatively small) in number, the reverse exercise is also 
applied to check for consistency, i.e. the fraction of mock 
field samples (constructed using the group sample) with 
SO fraction as low as the real field sample is computed 
(in an identical fashion to that described above). This 
results in a confidence level of 99.876% (2.8<j) that a 
deficit of SOs exists in the field sample (compared to the 
groups). Although less significant due to subtle differ- 
ences, this supports the result that there is a excess of 
SOs in groups, independent of galaxy luminosity. 

To ensure this is not merely a result of including the 
most massive groups/clusters in the group sample, the 2 
groups with a > 700 kms"^ (gl38 and g38) are excluded. 
This results in 30/145 (weighted fraction 23%) SOs in 
the sample, and repeating the bootstrapping procedure 
indicates this still corresponds to a confidence level of 
99.995% (3.9cr) for the excess. 

The result is also robust against the inclusion of SO/a 
galaxies in the SO sample. This accounts for 30% of both 
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field and group SO populations. 

The same procedure has been applied to show that 
there is no significant excess of ellipticals in groups at 
fixed luminosity (^15% probability that the difference 
arises randomly) although the absolute fraction of ellipti- 
cals is much higher, with 43/178 (weighted fraction 22%) 
compared to 15/109 (weighted fraction 13%) in the field, 
i.e. This difference is mainly driven by the environmental 
dependence of the luminosity function (a high fraction of 
the brightest galaxies are ellipticals, see Figure [2|). The 
deficit of spiral galaxies in groups exists at a confidence 
level of 99.953% (3.3cr), and is seen most clearly in the 
late-type spiral population (ISp, composed of Sc and later 
types). 

3.2. Radial Trends 

Whilst it is clear that galaxy properties including mor- 
phology must be somehow influenced by the group envi- 
ronment, even at fixed luminosity, there are many ways in 
which this could be realised. To gain further insight into 
the possible mechanisms involved, it is desirable to see 
how morphology depends not only on whether a galaxy 
is a member of a group but also the nature of that group 
and of the galaxy's local environment. 

One difficulty in studying groups is that one is al- 
ways limited by the low number statistics for individ- 
ual systems (typically ~ 10 members per group). Any 
local density estimate will also correlate strongly with 
group-centric radius (introduced by the selection of the 
luminosity-weighted group centre) and number of galax- 
ies in the group (small numbers). Therefore to exam- 
ine trends with local environment within the group, we 
turn to the group-centric radius. Galaxies at small radii 
will be more subject to processes relating to the global 
group potential (AGN feedback, merging with the cen- 
tral galaxy) , whilst galaxies at larger radii are more likely 
to be influenced by their pre-group environment (merg- 
ers/interactions in smaller groups, pairs), or by processes 
which are active upon their accretion into the group 
(stripping of hot gas, harassment). 

3.2.1. Trends and Significance 

All group galaxies in the ACSR22 sample are com- 
piled as a function of their physical group-centric offsets 
Aa and AS into a stacked group, illustrated in Figure [31 
Galaxies are keyed by their morphologies, with sym- 
bol size proportional to galaxy luminosity to illustrate 
the morphological and luminosity segregation within our 
groups. To highlight the influence of group-centric ra- 
dius on morphological composition, the fraction of differ- 
ent types is computed independently for group members 
at distances < O.Shj^Mpc and > 0.3h^^ Mpc from the 
group centre. At z = 4, this corresponds to the virial 
radius of a group with velocity dispersion ~ 320kms~^. 
The dashed circle in Figure [S] corresponds to this divi- 
sion. These, along with total group and field fractions, 
are summarized in Table [TJ Fractions are weighted to 
account for spectroscopic incompleteness, but the total 
number of galaxies for each type is also given in brack- 
ets, and the total number of galaxies is provided for 
Type=All. All this information is provided for 3 lumi- 
nosity bins: combined (-23. 5< Mr <-19.0); bright (- 
23.5< Mr <-21.0); and faint (-21.0< Mr <-19.0). This 
allows trends to be investigated separately for bright and 
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Fig. 3. — Morphologically classified galaxies in the stacked 
group sample, to illustrate morphological and luminosity segrega- 
tion within the groups. Morphological types are indicated by the 
symbol (see key) , and symbols are scaled to a size which is propor- 
tional to the galaxy's luminosity. Note that no account is taken for 
peculiar pec type galaxies. The dashed circle at O.Shl^^^Mpc is used 
to divide galaxies into inner group and outer group sub-samples. 
These are compared in Table [T] and in the main text to assess the 
significance of radial trends. 



faint galaxies, which a re likely to experi ence different 
physical processes (e.g. Tanaka et al.ll2004( ). 

Some differences between the composition of inner and 
outer group are immediately apparent in Table [TJ The 
significance of these differences is assessed as in Sec- 
tion 13. 1[ i.e. by computing the probability that the 
fraction of a given type in the inner group can be re- 
produced by sampling from the outer group population, 
matching the galaxies on luminosity to remove that de- 
pendence (since there is a strong correlation of luminosity 
with group-centric radius, such that the brighter galaxies 
tend to reside near the group centre). The enhancement 
of bright ellipticals in the inner group is highly signif- 
icant (< 0.001% probability that it could be randomly 
extracted from the outer group population), whilst the 
significance of the faint elliptical fraction increasing with 
radius, as seen in Table [TJ disappears with luminosity- 
matching: i.e. this may be purely a consequence of the 
luminosity-radius trend for fainter galaxies, folded with 
the luminosity distribution of faint ellipticals. SOs are 
altogether more common in the outer group, but only 
at the 97% confidence level, less significant for faint or 
bright sub-samples. Late- type spirals are significantly 
more common in the inner group (99.85% confidence 
level). This appears to be driven mainly by the fainter 
galaxies, and drives the overall trend in spiral galaxies. 
Early-type spirals on the other hand live in environments 
consistent with those of other galaxies of equivalent lumi- 
nosity. This interesting result, in apparent contradiction 
with expectations, originates from the unavoidable cor- 
relation between group size and the average distance of 
group members from the centre, and from the concen- 
tration of faint late-type spirals in the smallest groups in 
the sample. 

Otherwise, the morphological composition shows 
no strong correlation with velocity dispersion within 
our sample, as noted for the fraction of passive 
(EW[OII]A3727 <5A) galaxies (Wilman et al., 2005a). 
This is influenced by the small number statistics and 
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TABLE 1 

Morphological composition of CNOC2 group and field samples (0.3 < z < 0.55). Composition (fractions, weighted to 

ACCOUNT FOR SPECTROSCOPIC INCOMPLETENESS) OF TOTAL GROUP, INNER (< O.S/li^^^ Mpc) AND OUTER (> O.S/l^^^^ Mpc) GROUPS, AND THE 
FIELD ARE COMPUTED FOR 3 RANGES IN GALAXY LUMINOSITY. (UNWEIGHTED) NUMBER OF GALAXIES OF EACH TYPE ARE INDICATED INSIDE 
THE BRACKETS. ERRORS ARE COMPUTED USING A JACKKNIFE METHOD, EXCEPT FOR N< 1, FOR WHICH A GENERIC RESOLUTION ERROR OF 
IS INDICATED. NOTE THAT THESE SYMMETRIC ERRORS ARE A ROUGH GUIDELINE ONLY, ALTHOUGH FRACTIONS OF <0 AND >1 ARE 

^ all 

CLEARLY UNPHYSICAL. MORE ROBUST ESTIMATES OF THE SIGNIFICANCE OF ENVIRONMENTAL TRENDS ARE DESCRIBED IN THE MAIN TEXT. 



Type 


Luminoisity range 


groups 


< O.Sh:^^Mpc 


> O.ShzJ^Mpc 

— 75 ^ 


field 


E 


-23. 5< Mr <-19.0 


22±4%(43) 


21±4%(28) 


24±7%(15) 


13±4%(15) 




-23. 5< Mr <-21.0 


28±4%(33) 


33±6%(26) 


18±6%(7) 


24±8%(9) 




-21. 0< Mr <-19.0 


18±6%(10) 


5±4%(2) 


27±9%(8) 


10±4%(6) 


SO 


-23. 5< Mr <-19.0 


25±4%(40) 


20±5%(22) 


30±7%(18) 


8±3%(10) 




-23.5< Mr <-21.0 


24±4%(25) 


24±6%(17) 


24±8%(8) 


12±5%(5) 




-21. 0< Mr <-19.0 


25±7%(15) 


14±7%(5) 


33±10%(10) 


7±3%(5) 


eSp 


-23. 5< Mr <-19.0 


21±3%(47) 


26±5%(29) 


16±4%(18) 


27±5%(31) 




-23. 5< Mr <-21.0 


29±5%(32) 


31±6%(22) 


26±8%(10) 


34±8%(14) 




-21. 0< Mr <-19.0 


15±4%(15) 


20±8%(7) 


12±5%(8) 


26±6%(17) 


ISp 


-23. 5< Mr <-19.0 


17±4%(30) 


20±5%(18) 


15±5%(12) 


27±5%(31) 




-23. 5< Mr <-21.0 


12±3%(13) 


11±4%(8) 


14±6%(5) 


21±8%(8) 




-21. 0< Mr <-19.0 


21±6%(17) 


30±11%(10) 


15±7%(7) 


28±6%(23) 


Irr 


-23.5< Mr <-19.0 


14±4%(17) 


14±6%(7) 


14±5%(10) 


24±5%(21) 




-23. 5< Mr <-21.0 


6±3%(4) 


0±1%(0) 


19±9%(4) 


9±4%(4) 




-21. 0< Mr <-19.0 


20±6%(13) 


32±12%(7) 


12±5%(6) 


28±7%(17) 


M 


-23.5< Mr <-19.0 


0±1%(1) 


0±1%(0) 


1±1%(1) 


2±1%(1) 




-23. 5< Mr <-21.0 


0±1%(0) 


0±1%(0) 


0±3%(0) 


0±3%(0) 




-21. 0< Mr <-19.0 


1±1%(1) 


0±3%(0) 


1±3%(1) 


2±1%(1) 


All 


-23. 5< Mr <-19.0 


(178) 


(104) 


(74) 


(109) 




-23.5< Mr <-21.0 


(107) 


(73) 


(34) 


(40) 




-21. 0< Mr <-19.0 


(71) 


(31) 


(40) 


(69) 



uncertainties in velocity dispersion which hinder stud- 
ies of individual groups. However the significant radial 
trends discussed above are not significantly effected if 
the 2 groups with a > 700 kms~^ (gl38 and g38) are 
excluded. 

3.2.2. Uncertainty of Group Centres 

Radial relations are of course subject to the uncer- 
tainty on the computed group centres, which are sim- 
ple luminosity-weighted centres computed iteratively as 
described by Wilman et al., 2005a, picking out the 
dense core as shown in Figures 4 and 5 of that pa- 
per. The existence of strong radial segregation of the 
galaxy population provides independent evidence that 
these centres are physically meaningful, with an accuracy 
of <<0.3h75^Mpc. That the morphological segregation is 
independent of luminosity, and is therefore independent 
of any parameter involved in the definition of the group 
centres, means that this is a robust result. 

To examine the effect of group centre uncertainty, 
we examine the distribution of expected offsets using 
the mock catalogueof friends-of-friends groups gener- 
ated by McGee e fall (jM08). Figure H shows the dis- 
tribution of group centre offsets computed as observa- 
tionally (luminosity-weighted centre of randomly sam- 
pled galaxies to simulate incompleteness in the data) 
from the best-estimate of the true centre. The true 
centre is chosen to be position of the central galaxy 
of the most massive halo (thick, dashed line, where 
in the semi-analytic model this is by definition at the 
halo centre), and the luminosity- weighted centre of all 
galaxies (incompleteness=0, thin line). The mean (me- 
dian) offsets from the central galaxy are 0.15h75^Mpc 
(0.13h75^Mpc), and from the luminosity- weighted centre 
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Fig. 4. — Distribution of offsets for the observationally-defined 
group centre from the true centre of th e mock catalogue of friends- 
of-friends groups (|McGee et al.l [20081 ). The observationally de- 
fined centre is the luminosity-weighted centre of randomly sampled 
galaxies to simulate incompleteness in the data. The true centre is 
defined to be the position of the central galaxy of the most massive 
halo (thick, dashed line) or the luminosity-weighted centre of all 
galaxies (incompleteness=0, thin line). 

of ah galaxies are 0.14hf5^Mpc (0.12hf5^Mpc). 

An uncertainty of 0.15h75^Mpc in the group centre can 
be folded into the Monte Carlo procedure by allowing 
the centre to vary by a random amount sampled from a 
gaussian with width a = O.lSh^^^Mpc on each separate 
iteration, recomputing the fractions each time. This is 
folded into the usual resampling procedure as described, 
including luminosity-matching. Even with the applica- 
tion of this additional uncertainty, the bright elliptical 
population is still quite significantly (at the 97.5% confi- 
dence level) higher in the inner group (<0.3hf5^Mpc). Of 
the other trends, the most significant remaining trend is 
the excess of faint late-type spirals in the inner regions 
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Fig. 5. — The fraction of elliptical, SO and spiral+irregular types 
as a function of redshift for galaxy clusters, reproduced from Fig- 
ure 9 of FOO. Overplotted at the median galaxy redshifts are the 
values from the CNOC2 group and field sample down to the lumi- 
nosity limit of FOO. Also plotted are the values for the z=0.23-0.6 
X-ray group sample of JOT, at the median group redshift, the local 
X-ray group sample of M09, and the individual EDisCS clusters 
(DOT). For more details of selection, cosmology and error compu- 
tation, see the main text. 

(at the 93.4% confidence level). These results are ro- 
bust considering that the average centre shift is half the 
magnitude of the radial division, which inevitably leads 
to reduced significance in radial trends. Indeed, the lat- 
ter estimates of significance are highly conservative, and 
are measured with the premise that not only are galax- 
ies within 0.3hf5^Mpc of the position chosen to be the 
centre different from those at larger distances (at fixed 
luminosity), but that those centres are the true centres 
of the groups. If the centres were already wrong, this 
procedure will only make them more wrong (by typically 
VT2)x0.15hf5^Mpc=-0.21hf5^Mpc). Therefore it is re- 
markable that any significant segregation still exists in 
these groups. This is a direct indication that morpholog- 
ical segregation (independent of luminosity) and lumi- 
nosity segregation itself (maximized due to the choice of 
luminosity-weighted centres) trace the same underlying 
physical structures and sub-structures (the dark matter 
distribution). 



4. DISCUSSION 



4.1. 



SO formation: Evolution and Environment 

We return to the main question asked by this paper: 
Can the observed increase in cluster SO populations since 
z ~ 0.5 be driven by infall from a group environment in 
which SO formation is prevalent? 

We approach this question by simultaneously exam- 
ining the morphological composition of clusters, groups 
and the field at different redshifts, starting with the clus- 



ter data presented in Figure 9 of FOO (Fasano, private 
communication). In that figure, FOO present the frac- 
tions of elliptical (E), SO and spiral+irregular galaxies as 
a function of redshift for galaxy clusters, selected from 
their own data {z - 0.2) and from D80 (low z), MORPHS 
(D97,z - 0.4-0.6) and C98 {z - 0.2-0.35). Low redshift 
D80 clusters are divided into high and low concentration 
(HC/LC) samples. At intermediate and high redshift, 
FOO instead divide the sample into two samples on the 
basis of the central concentration of elliptical galaxies 
(high: HEC and low: LEC), which they show correlates 
very well with the global ratio of SOs to ellipticals. We 
extend this dataset in Figure [5] to include galaxies in 
groups and the field at intermediate redshift. FOO data is 
reproduced using their symbols (corrected for spatial in- 
completeness, classification bias and field contamination 
as described by FOO). We replace their simple Poissonian 
errors with a better statistical approximation of assymet- 
ric errors which combines the Poissonian probability of 
total number observed with the binomial probability of 
observing a particular number of a given morphological 
type. T h ese ar e derived from equations (21) and (26) of 
iGehrelsl (jl986[ ). As claimed by FOO and D97, there is a 
strong evolution in the fraction of SO galaxies (increas- 
ing to low z) and spiral+irregular galaxies (decreasing to 
low z), whilst the elliptical fraction remains roughly con- 
stant. Indeed, there is no evidence of any increase in the 
ellip tical fraction of c l uster galaxies since z ^ 1 (D97; 
Fm lDesai et al.ll2007l : ISmith et al.]l2005l : iPostman et"al] 
^2005), which is unsurprising if ellipticals are the result 
of major mergers which are not thought to be common 
in massive clusters due to the high pairwise velocity of 
galaxies. Interestingly, the evolution in cluster SO frac- 
tion is only seen at z < 0.5, with higher re dshift studies 
suggesting a fiattening to at least z ^ 1 (see I Smith et al.l 
2005; Postman et al. 2005). 

The E, SO and spiral+irregular fractions are computed 
and overplotted in two redshift bins for CN0C2 group 
and field samples (0.3 < z < 0.55, with the sample di- 
vided at the median redshift of z = 0.43842: stars at the 
median galaxy z for each bin) . We reiterate that the field 
sample is l ikely to contain som e galaxies in undetected 
groups (see lMcGee et al.ll2008f ). Also shown are the frac- 
tions for X-ray selected groups at 0.23 < z < 0.6 from 
J07 (cross at the median group z), a low redshift sample 
of X-ray select ed groups in the S loan Digital Sky Sur- 
vey (SDSS) ( Mulchaev eraH [20091 M09), and individual 
higher r edshift clusters /m assive groups from the EDisCS 
survey (|Desai et al.ll2007l . D07,0.58 < z < 0.79). Whilst 
EDisCS galaxies are morphologically classified by differ- 
ent persons, they claim that, by training using the visual 
morphological catalogues of the MORPHS clusters and 
the same classification procedure, they conform to the 
MORPHS system. In all case s, errors are co mputed us- 
ing equations (21) and (26) of lGehrelsl (|l986l ) (as already 
applied to EDisCS clusters by D07). 

4.2. Selection and Systematica 

It is necessary to consider the different criteria used 
for galaxy selection in Figure [5l although it is clearly 
impossible to mimic selection for groups and clusters 
of different mass, size, substructure properties and red- 
shift. There will also be intrinsic variation in the galaxy 
mass functions of different systems. The limiting lumi- 
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nosity applied by FOO is My = —20.0. However this 
is computed for a Qrn = 1, flat Universe with HO = 
50kms~^ Mpc~^ . The same hmit is appUed to EDisCS 
clusters in the same cosmology (DOT, Table 3). There- 
fore for CN0C2 groups and fleld, and for JOT groups, an 
equivalent luminosity for z = 0.4 in our assumed ACDM 
Universe with HO = 75kms-^Mpc-^ of My = -20.53 is 
applied. 

It is not enough to compute luminosity limits in a con- 
sistent cosmology. D9T claim that the D80 sample ac- 
tually only reaches My = -20.4 at z = 0.04. This 
corresponds to My = —21.23 in our assumed cosmol- 
ogy (which is more realistic, given modern constraints). 
Therefore there is a difference in luminosity limit of 
O.Tmags compared to z = 0.4 (and more to higher z). 
The CN0C2 groups and fleld data both show a tendency 
to lower SO fraction and higher E fraction for brighter lu- 
minosity limits (see Figure [2]). If the cluster data follows 
the same trend (expected, since the brightest galaxies are 
usually ellipticals), then the brighter limit used at low z 
infers that the SO fraction is underestimated. If this is 
so, then the expected evolution should be even stronger 
than observed. Note however that early- type galaxies 
are expected to fade by ^ 0.63mags in V-ban d between 
z = 0.4 and z = (Bruzual & Chariot 2003, 4Gyr old 
population at z = 0.4, solar metallicity, Chabrier IMF), 
effectively cancelling out the effects due to incorrect cos- 
mology and luminosity limit for galaxies which were al- 
ready passive at z = OA (by deflnition not all, given the 
observed evolution). For a low redshift comparison, M09 
group sample fractions are also computed down to the 
D80 limit. 

Spatial completeness is an even trickier selection issue 
than luminosity. FOO compute fractions for each clus- 
ter within the available area (0.4-1.8h^o^Mpc2, Table 2 
of FOO), although a statistical correction for incomplete- 
ness due to the irregular shape of the surveyed area has 
been applied (see Sections 4 and 4.1 of FOO). It is clear 
from Figure 6 of FOO that the ratio of SOs to ellipticals 
increases more quickly with radius for HEC clusters than 
for LEG clusters, and thus the offset between these two 
types might relate to the relative cluster area sampled. 
However this effect might be less important than the in- 
trinsic cluster to cluster variation, and variable cluster 
sizes and levels of substructure make it impossible to 
make a completely fair comparison (see discussion be- 
low). Fractions are computed for EDisCS clusters within 
a constant aperture of 600h^Q^kpc, and the large scatter 
between clusters cannot be attributed to the cluster mass 
or size: the two clusters with N(SO)/N(E)> 0.89 (admit- 
tedly with large error bars) are of intermediate velocity 
dispersion for that sample (500 — 650kms~^). Spatial se- 
lection for groups is discussed in section [2^ for CN0C2 
and by JOT for their sample. M09 select all group galaxies 
within Ih^g^Mpc of the group centre. This is not sensi- 
tive to radial selection: inspection shows that an almost 
identical SO fraction exists within 500h75^kpc. Spatial se- 
lection in the fleld is meaningless in the context of spatial 
segregation. 

It is clearly impossible to create a perfectly equivalent 
set of clusters or cluster galaxies, given the intrinsic vari- 
ance in properties and formation histories. Adding the 
redshift or environment axes simply adds to the complex- 



ity of this comparison, introducing amongst other things 
a variation of the galaxy mass function on redshift and 
environment. Statistical errors are relatively large, since 
the luminosity limit applied here samples only the bright 
end of the luminosity function. Other potential err ors in - 
clu de classiflcation b i as, as discussed by AndreonI (|l998l ) 
and lFabricant et all (|2000r ). 

Despite these many problems, the strong, average evo- 
lution of the SO fraction for bright galaxies in clusters is 
compelling, with a low f(SO)< 0.3 persisting in clusters 
taken from many different datasets at z > 0.35. 

4.3. SO Formation Mechanisms and Implications 

As we have seen, the SO fraction in optically selected 
CN0C2 groups is at least as high as that seen in clusters 
at the same redshift. This provides critical evidence that 
SO formation is not only possible, but common outside 
of rich clusters. Formation of SOs in groups must con- 
tinue down to z~0: whilst we have no optically selected 
sample of low redshift groups, the z~0 X-ray selected 
sample of M09 contains a fraction of SOs similar to that 
in the D80 cluster sample. Thus, the evolution in group 
SO fraction likely parallels the evolutio n in star form- 
ing fraction (e.g. Wilman et al., 2005b: [Poggianti et al.l 
120061) . This contrasts with the lack of evolution in the 
elliptical fraction which remains low at all redshift s, even 
in clusters. Bright {My < —20.53) ellipticals exist with 
similar frequency in all environments, although they are 
more likely to be found towards the centre of halos. 

Our result - that SOs are more common in groups 
than in less dense fleld environments - implies that en- 
vironment is a relevant factor in their formation, and 
that internal secular processes (in any case expected to 
lead to the formation of star f orming pseudobulges, e.g. 
iKormendy fc KennicuttI 1200 4*) may be less important. 
However, since SOs are at least as common in less mas- 
sive optically selected groups as they are in z ~ 0.4 X- 
ray bright groups and clusters, mechanisms which take 
place in lower density regimes must be active. Even in 
groups, the mildly signiflcant increase of SO fraction be- 
yond O.Sh^^Mpc (with 9T% confldence) hints at forma- 
tion in even lower density regimes such as the group out- 
skirts, or pre-processing in galaxy pairs and lower mass 
groups. The growth at late times of the SO population, 
in all measured environments, suggests that their forma- 
tion is a slow process. This is consistent with spectro- 
photometric properties of SO galaxies in infallin^ gr oups 
and cluster outskirts at z ~ 0.5 (Mo ran et al.ll200Tl ). Fi- 
nally the early-type spiral population is approximately 
consistent with that seen in the fleld, at flxed luminos- 
ity, whilst there is a clear deflcit of late (Sc-h) type spi- 
rals. T his is consistent with the result of'Poggianti e t al.l 
(|2008f ) that the relationship between spiral fraction and 
density in EDisCS clusters is driven by Sc+ type spirals. 

Converting late-type spiral galaxies into SOs is not a 
straightforward business, as it involves signiflcant bulge 
growth even at flxed luminosity in order to match the 
B/T distribution of SOs (Figure [1]). However the total 
luminosity of many z~0.4 spirals is sufficient for them 
to be progenitors of a typical group SO (see Figure [2]). 
Bulge growth may or may not be related to the ac- 
tual suppression of star formation and spiral arms in 
SOs, but the two processes are certainly correlated. If 
bulge growth is achieved via formation of new stars. 



10 



this puts a lower limit on the level of star formation 
required. Let us assume an extreme case in which a 
z=0.4 pure disk galaxy (B/T=0) will become a massive 
SO galaxy with stellar mass 2 x 10^^ Mq and B /T = 0.7 
by z=0. This corresponds to a total bulge mass growth of 
1.4 X 10^^ M0 within ~ 4 Gyr which requires a bulge star 
formation rate of SFR~ 35 yr~^. A significant popu- 
lation of infrared-bright spiral galaxies exists at 0.4<z<l, 
for which star formation rates of ^ 10 — 100 Mr?) yr~| 
have been derived (iBell e t al.' '2005'; 'Geach et al.' 2006"; 
iBai et al.l[2007t iGeach et al . 2008; Koyama et al. 2008). 
Most of this star formation is obscured at o ptical 
wavelengths (jBai et al.l 120071 : iGeach et al] 120081 ). and 
these galaxies tend to exist on the outskirts of clus- 
ters (Bai et al." 2007; Marciha c erall 12007: Geach et al. 
[2008; Koyama et a l. 2008), and in intermediate density 
environments, corresp onding to groups and sub-groups 
(|Marcillac et a l."2008'). At lower redshifts, optically red 
24/im-emitting galaxies st ill prefer int ermediate density 
environments (e.g. Gallazzi et al. 2008). We have already 
identified a population of galaxies with low [Oil] emis- 
sion but whi ch appear to be sta r forming at infrared 
wavelengths (IWilman et al.l l2008l ) . Preliminary analy- 
sis of 24/im data shows that these galaxies frequently 
form stars at rates > lOM0yr~^ (Tyler et al, in prep). 
Therefore the data do support a mode of bulge growth 
involving star formation which is most easily visible at 
infrared wavelengths, and which prefers group and sub- 
group environments. 

In these relatively low density environments, inter- 
actions with the Intra-Group Medium (IGM), includ- 
ing a gentler strangulation/starvation of the galaxies' 
hot gas halo, are not likely to be as important as 
they would be in the group cores. X-ray groups and 
clusters. To promote slow bulge growth in low den- 
sity environments, we suggest that minor mergers (sup- 
ported by t he existence of kin ematically decoupled young 
cores , e.g. iMcDermid et al.l [2006), galaxy harassment 
(e.g. iMoore et al .11 19991 ). and tidal interact ions between 
galaxies are more likely to be relevant (see 'Moran et al.l 
[2007, for more discussion). Each of these mechanisms is 
capable of funnelling material to the central bulge over 
a long timescale, and so a massive starburst is not re- 
quired. Harassment and tidal interactions in particular 
might also promo te an infrare d-bright mode of star for- 
mation (Marcillac et al.l [20081), although neither mech- 
anism has yet been investigated in detail at the group 
scale. However in each case it is unclear how star forma- 
tion is eventually suppressed: possibly there is a role for 
feedback from AGN, given that black hole growth should 
accompany bulge growth. Indeed, bulge growth in low 
density environments should be expected, since it is typ- 
ical of the environment in which high-a ccretion, optically 
selected AGN are know n to reside (e.g. lKauffmann et al.l 
[2005 iShen et all [2007 ). 

Finally, a dominant route to the formation of SO galax- 
ies in the group or sub-group environment has important 
implications for galaxy evolution studies: Most galaxies 
in the Uni verse are experi encing a group like environ- 
ment (e.g. lEke et all l2004l ) in which SO formation pro- 
cesses might be important. This means that the quench- 
ing of star formation associated with the formation of an 
SO might contribut e significantly to the global decline i n 
star formation fe.g. lLihv et"anil996l : [Madau et al.lll998f ). 



Pre-processing in groups is also likely to dominate the 
production of cluster SOs, helping to explain the lack of 
any strong relationship between SO fraction and cluster- 
centric radius or local density (e.g. D80,D97,F00). This 
might still be supplemented by the formation of some 
SOs in more isolated environments by secular processes 
(i.e. there are some field SOs in our sample, although 
note the definition of field in Section | 2.2D. o r by strip- 
ping processes in clusters (jMoran et al.ll2007l ). The dis- 
tribution of B/T for visually classified SOs as a func- 
tion of environment might help disentangle these differ- 
ent routes. The end result for clusters is that the in- 
creasing SO fraction and evolving morphology-density re- 
lation (including a declining spiral fraction and stronger 
relations at low z for low c oncentration clusters (D97) 
and groups ([Postman fc Gelle r 1984)) is imprinted by the 
accumulated accretion history of pre-processed galaxies 
onto that cluster. 

5. CONCLUSIONS 

With high resolution ACS imaging of our well stud- 
ied sample of optically selected galaxy groups from the 
CN0C2 galaxy survey at 0.3 < z < 0.55, we have been 
able to visually classify the morphologies of 179 spec- 
trally confirmed group galaxies and 111 field galaxies in 
this redshift range. This provides good enough statistics 
to examine the morphological composition of galaxies in 
this important environment at z ~ 0.4. 

For the first time, we directly address the question of 
whether the strong increase of SO fraction in galaxy clus- 
ters since z ~ 0.4 is a result of pre-processing in groups 
and lower density environments. Within our sample, 
there is a much higher fraction of SOs in groups than 
in the lower density field at fixed luminosity, that cannot 
be reproduced by resampling the field population with 
>99.999% confidence. There is also a hint that SOs in 
groups are less common within 0.3h75^Mpc of the group 
centres than at larger distances (97% confidence). 

In contrast to the situation for SOs, the fraction of el- 
liptical galaxies at fixed luminosity is not significantly 
enhanced in groups compared to the field. However there 
is a strong (>99.999% confidence) enhancement of bright 
{Mr <-21.0) ellipticals within O.Shf^^Mpc of the group 
centres. This result is robust against uncertainty in the 
estimated group centres. The presence of bright central 
elliptical galaxies in many groups suggests that the lu- 
minosity weighted centres are indeed good, on average, 
to ~ 0.15h75^Mpc (as found in mock catalogues). 

Spiral galaxies make up the majority of remaining 
galaxies, with a strong suppression in groups, compared 
to the field (99.953%), mostly late (Sc+) type spirals. It 
is also interesting that (particularly faint, -21. 0< Mr <- 
19.0) late- type spirals are more common in the inner 
group regions (<0.3h^5^Mpc) than at larger group-centric 
radii (with a confidence level of 99.85%). 

We have compared the SO fraction computed for 
the CN0C2 groups and field samples with a compi- 
lation of clusters over the redshift range < z < 0.8 
(F00,D80,D97,C98,D07) and X-ray selected groups at 
z - 0.4 (J07) and z - (M09). SOs are present with at 
least as high (and possibly enhanced) fractions in optical 
groups with respect to all other environments, whilst 
the fraction in X-ray groups is consistent with that in 
clusters from z ~ to z ~ 0.4. Together with the lack of 
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any strong radial trend in groups or clusters, this paints 
a picture in which low mass groups are likely to be the 
dominant environment for the formation of SOs, leading 
to an evolution in the global and cluster SO fraction as 
more SOs are formed and accreted onto clusters by the 
present day. The combined evidence supports a slow 
acting mechanism for SO formation in which starbursts 
are not usually evident and many SOs are formed at 
late times {z > 0.5). We emphasize the importance of 
bulge growth to match the B/T distribution of SOs, and 
show that measured star formation rates of infrared 
bright spiral galaxies in similar environments would be 
sufficient over a few gigayears. The favoured candidates 
are therefore minor mergers, galaxy harassment and 
tidal interactions. Mechanisms requiring interaction 
with a bright X-ray emitting IGM are ruled out as the 
likely route to formation for the majority of SOs in the 
Universe. 
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APPENDIX 

POSTAGE STAMP IMAGES OF GALAXIES 

Figure lAll illustrates the image quality of the ACS data, which makes it suitable for visual classification of mor- 
phologies across the full range of Hubble type and luminosity. A random selection of galaxies are displayed both 
using a linear scaling with log-contours, which illustrates the low surface brightness features, and using the "unsharp 
mask method" , which brings out irregularities in the galaxy profile. This is implemented by dividing the image at full 
resolution by a smoothed version of itself. 
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Fig. Al. — A representative sample of galaxy images. One bright (2 left columns) and one faint (2 right columns) galaxy is randomly 
selected for each of: E, Epec, E/SO, SO/E, SO, SO/a, Sa, Sab and Sb visual classifications. Each galaxy is displayed using linear scaling 
with log-contours overplotted (left), and using the unsharp mask method (right) to bring out the assymetrical and disk features. 



